The adenovirus major late transcription unit is a well-characterized transcription unit which relies heavily on alternative pre-mRNA processing to generate distinct populations of mRNA during the early and late stages of viral infection. In the early stage of infection, two major late transcription unit mRNA transcripts are generated through use of the first (Li) of five available poly(A) sites (LI through L5). This contrasts with the late stage of infection when as many as 45 distinct mRNAs are generated, with each of the five poly(A) sites being used. In previous work characterizing elements involved in alternative poly(A) site use, we showed that the LI poly(A) site is processed less efficiently than the U3 poly(A) site both in vitro and in vivo. Because of the dramatic difference in processing efficiency and the role processing efficiency plays in production of steady-state levels of mRNA, we have identified the sequence elements that account for the differences in Li and U poly(A) site processing efficiency. We have found that the element most likely to be responsible for poly (A) site strength, the GU/U-rich downstream element, plays a minor role in the different processing efficiencies observed for the Li and L3 poly(A) sites. The sequence element most responsible for inefficient processing of the Li poly(A) site includes the Li AAUAAA consensus sequence and those sequences which immediately surround the consensus hexanucleotide. This region of the Li poly(A) site contributes to an inability to form a stable processing complex with the downstream GU/U-rich element. In contrast to the Li element, the L3 poly(A) site has a consensus hexanucleotide and surrounding sequences which can form a stable processing complex in cooperation with the downstream GU/U-rich element. The L3 poly(A) site is also aided by the presence of sequences upstream of the hexanucleotide which facilitate processing efficiency. The sequence UUCUUUUU, present in the L3 upstream region, is shown to enhance processing efficiency as well as stable complex formation (shown by increased binding of the 64-kDa cleavage stimulatory factor subunit) and acts as a binding site for heterogeneous nuclear ribonucleoprotein C proteins.
Based on the work of several laboratories, the biochemistry of mRNA 3'-end formation (for reviews, see references 35, 63, and 65) demonstrates a level of complexity and sophistication strikingly similar to that described for initiation of transcription by RNA polymerase II (for a review, see reference 72) . The requirement of the consensus AAUAAA in the first step of building a 3' processing complex is reminiscent of the role of the TATA sequence at the 5' end of the transcription unit; the subsequent steps required to stabilize the preprocessing complex are also reminiscent of the events which lead to formation of a stable transcription initiation complex. As is the case with polymerase II promoters, which vary in their ability to form stable initiation complexes, characterization of 3' processing sites for many transcription units indicates that poly(A) sites vary in their capacity to act as a substrate for binding of the 3' processing factors. Since successful 3'-end formation is a mandatory step in mRNA production, this step can be used to regulate mRNA expression (2, 13) .
In transcription units transcribed by polymerase II in mammalian cells, two RNA sequence elements have been identified as basic prerequisites for processing at a poly(A) site, the highly conserved AAUAAA hexanucleotide, usually located 10 to 35 nucleotides upstream of the cleavage site (20, 33, 40, 66) , stable CPSF-CStF complex has formed on the pre-mRNA, the pre-mRNA is considered to be committed to cleavage and polyadenylation (24) . While cleavage at the poly(A) site requires the addition of at least two more protein components [cleavage factor and poly(A) polymerase], their role in stable complex formation and the cleavage reaction is not well characterized (9, 23, 24, 60, 61) .
We have been using 3' processing elements from the adenovirus major late transcription unit (MLTU) to study the mechanisms involved in controlling 3'-end formation in complex transcription units. The MLTU contains five poly(A) sites (L1 through L5). During the course of an adenoviral infection, the predominant MLTU mRNA generated during the early stage of infection (before viral DNA replication) is processed at the Li poly(A) site. After DNA replication and the onset of late gene expression, all five poly(A) sites are used to generate stable mRNA (reviewed in reference 45) . Previous studies using minigene adenovirus recombinants have shown that the poly(A) sites Li and L3 contain all of the cis information necessary to elicit a temporal switch in poly(A) site use (14, 18) . Studies have also shown that the Li poly(A) site is a weak substrate RNA for 3' processing machinery compared with L3, with L3 being 20-to 50 -fold more efficient than Li in competing for processing factors in vitro (48) . Characterization of these poly(A) sites in vivo supports the notion that the Li poly(A) site is weak in comparison to the L3 poly(A) site (17) . This difference in processing efficiency is likely to be an important part of the early to late MLTU poly(A) site processing switch mechanism. On the basis of previous characterizations of the cis elements required for efficient polyadenylation, it is not clear why these sites differ so greatly in their ability to support the formation of a stable cleavage complex.
To determine the basis of the difference in substrate processing efficiency, we have divided each poly(A) site into three segments, an upstream element which includes the sequence 5' to AAUAAA, a core element which includes the sequence from 10 nucleotides 5' to the hexanucleotide to the site of cleavage (including AAUAAA), and a downstream element including all of the sequence downstream of the cleavage site. A series of chimeric poly(A) sites in which upstream, core, or downstream elements were exchanged between the weak Li and the strong L3 poly(A) sites was constructed. Using a combination of in vivo and in vitro assays, we have determined the relative contribution of each element to processing efficiency.
The inefficiency of the Li poly(A) site is in large part the result of the sequence present in the Li core element, presumably by causing weak interaction between CPSF and CStF during the formation of the cleavage complex. In the L3 poly(A) site, where the core AAUAAA functions well in complex formation, we have shown that sequences upstream of the core element also function to increase processing efficiency, both in L3 and in Li-L3 chimeric constructs. A U-rich sequence located approximately 50 
.(-).
The chloramphenicol acetyltransferase (CAT) constructs were made by first removing the SV40 poly(A) site from pML.SIS.CAT (30) by digesting with KpnI and NarI. The respective 3' and 5' overhangs were blunted with T4 DNA polymerase and deoxynucleoside triphosphates (dNTPs), and the vector was recircularized with T4 DNA ligase to generate pML.SIS.CAT(-PA). All poly(A) sites were first removed from the appropriate pGEM2 constructs by XbaI and EcoRI digestion, and the resulting 5' overhangs were filled in with dNTPs and the Klenow fragment of DNA polymerase I. These isolated poly(A) sites were cloned either directly into pML.SIS.CAT(-PA) that had been linearized with BamHI and filled in with dNTPs and the Klenow fragment or into the BamHI-linearized pML.SIS.CAT(-PA) with the use of BamHI synthetic linkers (5'-CGGGATCCCG-3').
Spinner cells and extract preparation. HeLa cells were grown in suspension in Joklik's modified minimal essential medium containing 5% horse serum and used for nuclear extract preparation as described previously (48) .
Preparation of 32P-labeled pre-mRNA. High-specific-activity
[a-32P]UTP-labeled pre-mRNAs, used in all in vitro cleavage assays, were transcribed and purified as described previously (48 (20 pl) were added to 20 fmol of 32P-labeled pre-mRNA, and reactions were incubated for 1 min at 30°C. Reactions were then exposed to UV irradiation (MR-4 254-nm UV light; George W. Gates & Co., Inc.) (5 cm from the source) for 3 min on ice. After irradiation, samples were digested with 7 pug of pancreatic RNase A (Boehringer Mannheim) for 20 min at 37°C. Reaction products were separated on SDS-denaturing polyacrylamide gels and visualized by autoradiography. For immunoprecipitation, UV cross-linking reactions were done in quadruplicate. After RNase A digestion, one reaction was used as a control while the other three were used for immunoprecipitation reactions. Two hundred microliters of IP-2 buffer (59) (50 mM Tris [pH 7.6], 50 mM NaCl, 0.05% Nonidet P-40) was added, along with either 50 p.l of hybridoma supernatant containing the 3A7 monoclonal antibody directed against the 64-kDa subunit of CStF (59) (kindly provided by J. Manley), 1 p.1 of mouse ascites fluid containing the 4F4 monoclonal antibody directed against the heterogeneous nuclear ribonucleoprotein (hnRNP) C1 and C2 proteins (7) (kindly provided by G. Dreyfuss), or 50 p.1 of the M73 hybridoma supernatant containing anti-ElA antibody (kindly provided by S. Shiff). Reactions were incubated on ice for 8 h with occasional gentle shaking. One hundred microliters of goat anti-mouse immunoglobulin G (IgG) (whole molecule)-agarose (Sigma), washed and diluted 1:10 in IP-2 buffer, was added, and the reactions were rotated gently at 4°C for an additional 8 h. Reaction mixtures were pelleted in a microcentrifuge and washed two times in IP-2 buffer before being separated on an SDSdenaturing polyacrylamide gel and visualized by autoradiography.
RESULTS
In vitro cleavage studies of the weak Li and the strong L3 poly(A) sites demonstrated a 4-to 10-fold difference in processing efficiency and a 20-to 40-fold difference in the ability of the two poly(A) site substrates to compete for 3' processing factors in a HeLa nuclear extract (48) . We and L3 as a strong site. We have determined the in vivo processing efficiency of each of these sites by a transient transfection assay. This assay employs an adapted CAT expression system, pML.SIS.CAT (30) , to measure the CAT gene product as a function of poly(A) site efficiency ( Fig. 1A and B ) (17) . Transfection of pML.SIS.CAT(-PA) [which lacks an authentic poly(A) site] into HeLa cells, followed by standard extract preparation and CAT assay protocols, results in CAT gene product levels which are undetectable by our standard assay. This is in contrast to the abundant gene product levels found in cells transfected with the plasmid pML.SIS.CAT 23, which contains the L3 poly(A) site used in the in vitro cleavage assay (48) . The poly(A) site is shown to be 10-to 20-fold more efficient than the Li poly(A) site when parallel pML. SIS.CAT Li and pML.SIS.CAT 13 transfections are assayed (all assays have been normalized with the cotransfection control pRSVLUC, as indicated in Materials and Methods).
The in vivo assay consistently reveals a greater difference between Li and L3 processing efficiency than that observed with the in vitro cleavage assay (17, 47a) . Possible explanations for this observation are that the in vivo assay is a more sensitive indicator of processing efficiency than the in vitro assay or that secondary events affecting mRNA stability or translatability in vivo influences the observed levels of CAT gene product. Total RNA was isolated from cells transfected with each of the poly(A) site plasmid constructs used in the CAT assay, and mRNA was characterized by an S1 nuclease hybrid protection assay (Fig. 1C) . The Ll-generated mRNA was much less abundant than mRNA generated by processing at the L3 poly(A) site. This result is consistent with the level of translated CAT gene product generated from transfections using the same respective plasmids. To accumulation, we performed an actinomycin D RNA half-life measurement of transcripts generated from both the pML.SIS.
CAT L3 and pML.SIS.CAT LI plasmids (Fig. 1D) . The degradation rate for these two mRNAs are slightly different, with the weaker Li poly(A) site having the longer half-life (2.3 h for Li and 1.1 h for L3). This indicates that the steady-state measurements of mRNA and CAT protein slightly overrepresent the products from pML.SIS.CAT Li compared with those from pML.SIS.CAT L3. We conclude from these experiments that the in vivo CAT assay is a slightly more sensitive assay than the in vitro cleavage assay and that the in vivo processing efficiency of each poly(A) site is consistent with its ability to compete for processing factors in vitro (17, 48) . Assuming that the transcription rate from these constructs is the same, data also indicate that only a small fraction of available Li premRNA transcript is converted into stable cytoplasmic mRNA. Our studies do not reveal the fate of the remainder of the unprocessed Li pre-mRNA, but an efficient and rapid nuclear RNA degradation pathway is known to exist (11). Fig. 3 shows the effect on poly(A) site strength that replacing sequences upstream of the Li and the L3 poly(A) sites with two different random sequences had. Replacing sequences upstream of the Li poly(A) site with nonspecific sequences did not affect L1 processing efficiency (Fig. 3A) . Replacing sequences upstream of the L3 poly(A) site with random sequences resulted in a decline in CAT expression to a level very similar to that seen with L1.3.3. (Fig. 3B) (Fig. 4A) . A similar observation was made when the U-rich element was deleted from the parent L3 poly(A) site (Fig. 4B) . At the level of the in vivo CAT assays, the U-rich region is an important component of the L3 upstream sequence.
Having established that the upstream U-rich element contributes to processing efficiency in vivo, we used the in vitro cleavage assay system (described in Materials and Methods and reference 48) to further characterize the function of this sequence in processing complex formation. We determined that the upstream L3 element could facilitate cleavage of the L3.I.1. pre-mRNA compared with cleavage of the L1.1.1. pre-mRNA in vitro ( Fig. 5; compare lanes 2 and 4) . We also demonstrated that when the T-rich region is deleted from the upstream element, a decrease in cleavage product is observed. By comparing the processing efficiency of L3..I.LAT with those of L3.1.1. and L1.1.1., we show that deleting this 8-nucleotide sequence element from the pre-mRNA eliminates the in vitro function of the 75-bp L3 upstream element.
The upstream U-rich region quantitatively influences the proteins which bind to L3.i.1. pre-mRNA. Having identified a sequence which functionally impacts on 3' processing efficiency, we next wanted to assess how this sequence element affects the association of proteins on the pre-mRNA substrate. UV light cross-linking of a labeled precursor RNA to the available subset of substrate-bound proteins was one of the initial assays used to characterize specific proteins in association with a 3' processing substrate pre-mRNA (41, (68) (69) (70) consistently bound to a pre-mRNA substrate in an AAUAAAdependent manner. Binding of the 64-kDa polypeptide is also dependent on the presence of the downstream GU/U-rich region. A second set of proteins, the hnRNP C polypeptides, has been shown to bind to downstream GU/U-rich elements independent of AAUAAA. Presumably, both of these protein-RNA interactions occur through direct interaction with the downstream GU/U-rich region. We used the UV cross-linking assay to determine if the upstream L3 U-rich element has a noticeable effect on the association of proteins on a premRNA substrate, particularly L3.1.1. In our assays, since the downstream region as well as the core hexanucleotide element originates from the Li poly(A) site, we included L1.1.1. pre-mRNA for comparison with L3.1.1. and L3.1.1.AT premRNAs (Fig. 6A, lanes 1, 4, and 6, respectively ). An Li precursor containing a mutation in the AAUAAA hexanucleotide (to AAGAGA) (Fig. 6A, lane 2) functioned as a negative control for poly(A) site-specific protein cross-linking. A second type of precursor mRNA corresponding to precleaved L1.i.1., L3.1.1., and L3.1.1.AT (Fig. 6A, lanes 3, 5, and 7 , respectively) was included to identify proteins which do not require the downstream GU/U-rich element for interaction with each of the indicated substrates. Using binding and UV cross-linking conditions which were slightly modified cleavage conditions (described in Materials and Methods), we identified a number of similarities and differences in the population of proteins labeled by each of the substrates (Fig. 6B) . The pre-mRNAs used for Fig. 6A correspond to the input pre-mRNAs used for Fig. 6B .
The most striking result from the UV cross-linking experiment was the increased quantity of each polypeptide labeled with the L3.1.1. precursor compared with L1.1.1. and L3.1.1.AT ( Fig. 6B; compare lane 4 with lanes 1 and 6) . (lanes 1 to 4) , precleaved L3.1.1. (lanes 5 to 8) , and L3.1.1.AT (lanes 9 to 12) were processed as described before (lanes 1, 5, and 9) or immunoprecipitated (as described in Materials and Methods) with anti-64-kDa monoclonal hybridoma supernatant (lanes 2, 6, and 10), anti-RNP C monoclonal antibody (lanes 3, 7, and 11), or anti-ElA monoclonal antibody (lanes 4, 8, and 12) and electrophoresed on an SDS-9% polyacrylamide gel to demonstrate that the putative 64-kDa CStF subunit is recognized by the appropriate monoclonal antibody in a specific manner.
The apparent molecular weights of these proteins, and the observation that deleting the sequence UUCUUUUU from the pre-mRNA ( Fig. 6B ; compare lanes 4 and 6) disrupts their binding, suggested that they were the hnRNP C1 and C2 proteins (41, 57, 69) . We have used the anti-RNP C monoclonal antibody 4F4 (7) in an immune precipitation assay to directly demonstrate that the 41/43-kDa polypeptides are the RNP C1 and C2 polypeptides (data not shown). Not surprisingly, the upstream U-rich region can directly interact with the RNP C proteins (Fig. 6B ; compare lane 4 with lane 6 and lane 5 with lane 7). On the basis of these studies, we cannot assign a direct function in 3' processing to the association of the RNP C proteins with the upstream L3 element.
In addition to the 41/43-kDa proteins, a protein of approximately 64 kDa was also radiolabeled by UV cross-linking to the LM.1.1., L3.1.1., and L3.1.1.AT pre-mRNAs (Fig. 6B, lanes  1, 4, and 6, respectively) . The magnitude of the signal corresponding to this protein was higher with the L3.1.1. pre-mRNA substrate than with either the L1.1.1. pre-mRNA or the L3.1.1.AT pre-mRNA. The molecular weight of this protein suggested that it may be the 64-kDa subunit of CStF (41, 57, 69) . Immunoprecipitation assays using the anti-64-kDa monoclonal antibody (59) (Fig. 6C, lanes 2, 6, and 10 ) indicate that this predominant signal is attributable to the CStF 64-kDa polypeptide. The binding of CStF to a pre-mRNA is indicative of stable cleavage complex formation on a pre-mRNA (22, 24, 25, 64) ; it is dependent on the presence of an intact AAUAAA and is influenced by the presence of the downstream GU/Urich region. Each of these characterizations of poly(A) site cleavage complex formation is consistent with the data we have obtained which indicates the L3 U-rich element functions to stabilize the formation of the poly(A) site cleavage complex. As seen in Fig. 6B and C with the precleaved substrate RNAs, the absence of the downstream GU/U element abolishes labeling of the 64-kDa polypeptide. This holds true for the L3.1.1. precleaved pre-mRNA, which contains the upstream U-rich element. In the context of these substrates, the upstream U-rich element is not able to functionally replace the downstream GU/U-rich sequence with respect to 64-kDa protein binding.
We can also see in Fig. 6B , lane 2, that the mutant Li pre-mRNA does not bind the 64-kDa protein. In fact, with the exception of the RNP C polypeptides, the mutation of the AAUAAA hexanucleotide had a dramatic effect on all proteins which were cross-linked to the Li pre-mRNA. These proteins, which are between 43 and 64 kDa in molecular mass, are clearly influenced by both an intact hexanucleotide ( Fig.  6B ; compare lanes 1 and 2) and the presence of the upstream U-rich element. Overexposure of the anti-64-kDa immunoprecipitation (Fig. 6C, lanes 2, 6, and 7) indicates that some of these proteins were coprecipitated by the anti-64-kDa monoclonal antibody. This is in contrast to immune precipitation with monoclonal antibody 4F4 against RNP C (Fig. 6C, lanes  3, 7, and 11 14, 1994 on December 18, 2017 by guest http://mcb.asm.org/ Downloaded from antibody against the ElA polypeptides of adenovirus (Fig. 6C,  lanes 4, 8, and 12 ). These monoclonal antibodies precipitated a small amount of protein immediately below the 64-kDa protein but none of the other subunits. We are in the process of determining if the association of these proteins in an AAUAAA-dependent manner is unique to Li hexanucleotide core substrates.
The presence of the upstream U-rich region in L3.1.1. also resulted in an enhanced signal corresponding to a third class of protein(s) which migrates to a position corresponding to a polypeptide with a molecular mass of 75 to 80 kDa. To our knowledge, this protein has not been identified in previous studies of this type. Because there was nearly a quantitative loss of this polypeptide in the U-deletion substrates and because this protein is labeled at relatively high levels with the L3.1.1. precleaved substrate (Fig. 6B and C) , we feel that this protein directly interacts with the U-rich sequence in a specific manner.
Results from the UV cross-linking experiment have allowed us to make several observations about the effect of the upstream U-rich element on proteins associating with a poly(A) site pre-mRNA substrate. The U-rich element directly interacts with the RNP C polypeptides but is not the only element that interacts with these proteins. The U-rich element is directly associated with increased binding of the 75-to 80-kDa protein, which is independent of a requirement for the downstream GU/U-rich element. Finally, in the full-length substrate L3.1.1., the U-rich element quantitatively increases the binding of several proteins to this precursor RNA, including the 64-kDa subunit of CStF. These observations complement the data in Fig. 5 , where we observed enhanced processing efficiency, and are in agreement with observations made by Gilmartin et al. characterizing the HIV upstream element (22) .
In their characterization of the HIV upstream efficiency element, they demonstrated a correlation between the stability of the preprocessing complex, increased in vitro processing efficiency, and the presence of the upstream element of HIV.
DISCUSSION
Poly(A) site use in the adenovirus MLTU presents examples both of alternative poly(A) site use in a complex transcription unit and of poly(A) sites which demonstrate striking differences in their function as substrates for the 3' processing machinery. In this study, we focused on identifying the sequence elements which make the Li poly(A) site a poor substrate for 3' processing complex formation in comparison to the L3 poly(A) site. We have shown that poly(A) site strength is the result of interplay between several elements, each of which can contribute to the overall efficiency of processing at a given poly(A) site, but no single element is sufficient to produce either maximal or minimal processing efficiency. Again, we can make a comparison between the 5' and 3' ends of a polymerase II transcription unit. The strategy of using multiple elements to create a strong or a weak poly(A) site is similar to the strategy employed to vary promoter strength at the 5' end of the transcription unit.
Multiple sequence elements regulate poly(A) site strength. While much is known about the factors involved in the cleavage and polyadenylation reaction, there is still very little known about the determinants which regulate poly(A) site strength. Although the AAUAAA hexanucleotide is invariant in the vast majority of poly(A) sites, the sequences flanking this element, including the GU/U-rich element, are highly variable. Variability in the primary sequence of the GU/U-rich element, along with its known role in the formation of a stable cleavage complex, has led to the hypothesis that poly(A) site strength may be determined through variations in the sequence of the GUIU-rich element. In support of this hypothesis, mutations in the downstream GU/U-rich elements of two poly(A) sites, SV40 early and adenovirus E2A, have been shown to affect poly(A) site processing efficiency (26, 37) . Studies using the L3 core element with different downstream elements show that poly(A) strength can vary in a manner dependent on the downstream GU/U-rich region (17, 64) . While the downstream GU/U-rich elements are certainly required for both Li and L3 poly(A) site utilization (27, 51) While there is no clear consensus sequence seen in the upstream enhancing elements, they all contain a U (or AU)-rich sequence. From our experiments, the U-rich element in the context of the Li core element causes a general enhancement of protein binding to the pre-mRNA substrate. The binding proteins correspond to the same population of proteins which lose their affinity for the pre-mRNA when a mutation in the AAUAAA hexanucleotide is present along with the hnRNP C1 and C2 proteins. In spite of our observation that precleaved L3.1.1. does not demonstrate cross-linking to the 64-kDa subunit of CStF, it is tempting to suggest that upstream U-rich elements are functionally redundant with downstream GU/U-rich elements. In a simplistic attempt to test this possibility, we placed the downstream GU-rich element of the SV40 late poly(A) site upstream of the weak Li poly(A) site. In this position, the downstream SV40 downstream element was not able to enhance Li processing efficiency either in vitro or in vivo (unpublished data). Since the SV40 late downstream element contains only a GU-rich sequence element and not a U-rich sequence element, the possibility still remains that upstream and downstream U-rich elements are functionally redundant. On the basis of existing information and our observation that the U-rich element can associate strongly with the hnRNP C proteins, one could invoke a role for RNP C proteins in 3' processing. However, hnRNP C proteins are clearly not required for efficient poly(A) site processing in vitro when purified processing factors are used. Since we have worked only with nuclear extracts, we are not in a position to define a role (either positive or negative) for hnRNP C proteins in 3' processing.
The association of the 75-to 80-kDa polypeptides with the upstream U-rich element is, in our opinion, the most unique effect of the upstream L3 U-rich element. Further investigation, particularly using purified 3' processing factors in reconstitution assays, should reveal a stronger functional relationship between the proteins interacting directly with the premRNA substrate and the efficiency with which a given substrate is cleaved. In fact, it should be mentioned that the enhanced levels of protein labeling observed in the presence of the U-rich element correlates with enhanced cleavage efficiency, but direct proof of a functional correlation between these proteins and cleavage efficiency will come from reconstitution assays using purified factors.
Implications for the regulation of poly(A) site use in complex transcription units. The adenovirus MLTU is not the only transcription unit that has a dominant proximal weak poly(A) (47) and in vitro (unpublished data). These similarities in poly(A) site strength and utilization seen with the IgM heavy chain and adenovirus MLTUs suggest a common mechanism of regulation.
Any model used to explain how these transcription units regulate their poly(A) site usage must explain the observed preference for promoter proximal poly(A) site processing. This is particularly true with a poly(A) site such as Li which is clearly an inefficient substrate for 3' processing. All other things being equal, promoter proximal poly(A) sites have a processing advantage over more distal sites simply because of the 5' to 3' directionality of the transcription complex: promoter proximal sites are exposed to processing factors before distal sites are. In addition, one can imagine models in which the poly(A) site recognition machinery itself possesses 5' to 3' directionality. Such a scanning model has been proposed for both splice site recognition and for poly(A) site recognition (46) . Work from Imperiale's laboratory has shown that sequence elements surrounding the Li poly(A) site impact on downstream processing efficiency both in vivo and in vitro (14, 15, 67a) , giving support to a transcription-coupled scanning mechanism. If poly(A) sites are recognized in a directional manner, giving the promoter proximal poly(A) site a processing advantage over more distal sites, then variations in poly(A) site strength may be an important aspect of properly regulated use. In the adenovirus MLTU, which contains five poly(A) sites whose use is tightly regulated during the course of infection, such variations in poly(A) site strength appear to be crucial to properly regulated gene expression.
